Hypoxia is an important feature of solid tumors and related to a perturbed blood supply in pathophysiologies. The aim of our research was to analyze the hypoxia response and elaborate its potential functions in colorectal cancer.
Background
Colorectal cancer is the third most common malignancy in the world. Mortality has improved significantly over the past few decades due to improved treatment and early diagnosis, but there are still about 1 million new diagnosed people with colorectal cancer each year [1] . A large number of studies have identified smoking, obesity, epigenetic and genetic factors as risk factors for colorectal cancer. However, the exact molecular mechanism of this neoplasm is still unknown. It is still necessary to find new tumor markers and treatment methods to improve the prognosis of patients with colorectal cancer.
Long noncoding RNAs (lncRNAs) are a class of noncoding RNA transcripts that have no protein-coding capacity with larger than 200 nucleotides [2] . Several studies have shown the lncRNAs could mediated gene expression regulation to modulate key cellular processes such as apoptosis, migration, cell proliferation, and autophagy. The length of lncRNAs enables them to fold into intricate structures and work as RNA sequences through secondary and tertiary structural determinants [3] . Moreover, evidence shows that there is a connection between lncRNAs and microRNAs (miRNAs) and lncRNAs have ability to regulate miRNA activity, by functioning as either sponges for miRNAs or competitive endogenous RNAs.
Hypoxia is an important feature of solid tumors and related to a perturbed blood supply in pathophysiologies [4] . It is closely related to tumor angiogenesis, distant metastasis, and chemotherapy or radiotherapy resistance in colorectal cancer [5] [6] [7] . Due to a cancer specific characteristic and a key regulatory role in tumor growth, hypoxia has been regarded as one of the best validated cancer selective targets [8] . Colorectal cancer cells in the hypoxic regions could turn on a transcriptional response mainly mediated by the hypoxia-inducible factors (HIFs), then help them survive and grow [5, 9] . Considering that lncRNA has an important role in pathological development of colorectal cancer and acts as a kind of transcriptional product, we hypothesize that it may also participate in the process of accommodating the hypoxia environment. In the present study, we applied high-throughput RNA sequencing (RNA-seq) to identify the differences of lncRNA and mRNA expression profiles between normoxic and hypoxic conditions in a colorectal cancer cell line. Multiple layers of bioinformatic analysis of the candidate lncRNAs and mRNAs identified several novel molecules that may be involved in the hypoxia process.
Material and Methods

Cell culture
The human colorectal cancer cell line SW480 were purchased from the American Type Culture Collection (ATCC). The cells were cultured in high glucose Dulbecco's modified Eagle's medium (Gibco, USA) containing 10% fetal bovine serum (Gibco, USA) at 37°C in a humidified 5% CO 2 atmosphere. For hypoxic treatment, SW480 cells were cultured in a humidified hypoxic chamber gassed with 1% O 2 , 5% CO 2 ,and 94% N 2 .
Total RNA extraction and sequencing Total RNA was extracted with TRIzol Reagent (Invitrogen, USA) following the manufacturer's instructions. The RNA quality was assessed with NanoDrop ND-1000 (Thermo Fisher Scientific, USA) and RNA integrity was identified using standard denaturing agarose gel electrophoresis. Total RNA was further purified with the RNA Clean XP Kit (Beckman Coulter, USA). Illumina HiSeq 2000/2500 (Illumina, USA) was used to conduct RNA-seq [10] . Three biological replicates were performed. Expression levels of genes and transcripts were compared using edgeR. Differentially expressed lncRNAs and mRNAs were considered significant upon meeting the following thresholds: False Discovery Rate (FDR) <0.01, P value <0.05, and fold-change >2.
Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation
To identify characteristic biological attributes of the differentially expressed mRNAs, we conducted the Gene Ontology (GO) analysis. To identify hypoxia-related signaling pathways which were associated with differentially expressed mRNAs, we accessed the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database. The GO enrichment and KEGG pathway analysis were performed using clusterProfiler package [11] . Significant correlations between mRNAs and their associated functions and/or pathways were considered significant upon the threshold P<0.05.
Results
Differentially expressed mRNAs and lncRNAs
Expression levels of mRNAs and lncRNAs were statistically significantly expression between SW480 cells under hypoxia (SW480_H) and SW480 cells under normoxia (SW480_N) (P<0.05; fold-change >2). Base on the RNA-seq data, we found that 77 lncRNAs and 1327 mRNAs were differentially expressed between SW480_H and SW480_N. Among them, 50 lncRNAs and 669 mRNAs were upregulated and 22 lncRNAs and 658 mRNAs were downregulated ( Figure 1A , 1B). Upon a threshold of fold change of more than 2, Figure 1C and 1D show the upregulated and downregulated lncRNAs and mRNAs. The top 10 differentially expressed lncRNAs regulated by hypoxia are listed in Table 1 . In the upregulated lncRNAs, the maximum fold change was 9.994, which belonged to RP11-2B6.3. Among the downregulated lncRNAs, RP11-126K1.2 possessed the maximum fold change, which was 152.316. Hierarchical clustering analysis was adopted to arrange samples into groups based on lncRNA and mRNA expression levels, which we then used to infer the relationship between samples (Figure 2A, 2B ).
Function analysis of differentially expressed genes
GO analysis was applied to analyze the important functions of differentially expressed mRNAs according to the GO database. We found that in the upregulated mRNAs from SW480_H ( Figure 3A ), the highest enriched GO terms were the cellular macromolecule metabolic process (biological process), the nucleus (cellular component),and the DNA binding (molecular function). Also, in the downregulated mRNAs ( Figure 3B ), the highest enriched GO terms were the chromatin silencing (biological process), the nucleosome (cellular component), and the protein heterodimerization activity (molecular function).
Pathway analysis of differentially expressed genes
Pathway analysis indicated that 14 pathways and 19 pathways were significant enrichment among the upregulated mRNAs and downregulated mRNAs respectively ( Figure 4 , [Supplementary Tables 1 and 2 , available on request from authors]). We found that the most enriched pathway was "Pathways in cancer" (P value <0.01), which was associated with 22 differentially expressed genes in the upregulated mRNAs ( Figure 4A ). In the downregulated mRNAs, the most enriched pathway was "Systemic lupus erythematosus" (P value <0.01), which was associated with 39 differentially expressed genes ( Figure 4B ). Among the enrichment pathways, many pathways were linked to cancer, such as "TNF signaling pathway" (associated with 8 genes), "Focal adhesion" (associated with 5 genes), "Viral carcinogenesis" (associated with 23 genes), "Colorectal cancer" (associated with 4 genes), "Transcriptional misregulation in cancer" (associated with 15 genes) and "Alcoholism" (associated with 40 genes).
Discussion
Colorectal cancer remains a fatal malignancy worldwide. Because of the emergence of new treatment options and early diagnosis, the overall patient outcome for colorectal cancer has become better. However, about 70% to 80% of colorectal cancer patients will develop metastasis or recurrence and the cure rate is still around ~20% [12] . This indicates that alternative treatment options or biomarkers that will halt or reduce the tumor growth should be introduced in treatment protocols. A prerequisite for tumor growth beyond a few millimeters is angiogenesis, which plays a key role in tumor growth and metastasis. Among the several factors that promote angiogenesis, hypoxic environment is considered to be an important predisposing factor for angiogenesis, such as HIF gene family could transcribe the downstream genes for angiogenesis [13] . Therefore, exploring the effects of hypoxic conditions on colorectal cancer will help us discover new treatments and new information about pathogenesis.
In the present study, a group of lncRNAs and mRNAs were identified that possessed different expression profiles under hypoxia or normoxia experimental conditions. LncRNAs have been investigated in colorectal cancer, and several lncRNAs have been found related to hypoxia-mediated metastasis [14] , growth [15] , or epithelial-mesenchymal transition [16] RNA-seq analysis shown that 77 lncRNAs had a different expression pattern under hypoxia and normoxia conditions. We discovered several novel lncRNAs that had not been reported before in colorectal cancer including RP11-126K1.2, RP3-438O4.4, LINC01119, CTB-22K21.2, RP11-798M19.6, and RP11-2B6.3, which were among the top 10 differentially expressed lncRNAs regulated by hypoxia. In addition, several lncRNAs had been reported to be related to hypoxia, such as MIR210HG [17, 18] and LUCAT1 [15] . He et al. found that MIR210HG participated in the progression of colorectal adenocarcinoma by regulating hypoxia, and which might function through a regulatory network with MIR210 and RASSF7 [19] . The mechanism of how lncRNAs response to hypoxia in colorectal cancer has not been fully elucidated, despite several studies having been published. Therefore, further studies on lncRNA expression profiles will help us to understand the mechanism of colorectal cancer response to hypoxia and enable development of novel therapeutic strategies and biomarkers.
Through the GO and KEGG pathway analysis, we identified the biological functions and pathways enriched among the differentially expressed mRNAs. GO analysis showed that the differentially expressed genes were mostly involved in basic metabolic processes and gene transcription processes, which may suggest that the differentially expressed lncRNAs could regulate the hypoxia response of colorectal cancer cells via regulating the expression of these genes. Pathway analysis revealed that many pathways were linked to cancer, such as "TNF signaling pathway", "Viral carcinogenesis", "Colorectal cancer", "Transcriptional misregulation in cancer" and "Alcoholism". This may suggest that the differently expressed lncRNAs may regulate the hypoxia response of colorectal cancer cells through these canonic pathways.
Conclusions
In this study, we profiled differentially expressed lncRNAs and mRNAs in normoxic and hypoxic conditions of colorectal cancer cells. Further information on the differentially expressed lncRNAs and mRNA were studied. Furthermore, our study revealed that several novel lncRNAs may regulate the response of colorectal cancer cells to hypoxia by altering the expression of genes involved several classical pathways, like "TNF signaling pathway", "Viral carcinogenesis" and "Colorectal cancer". Meanwhile, further studies of the possible mechanism are ongoing. Our study indicated that lncRNAs play critical roles in the hypoxia response process of colorectal cancer, which may help to explore the mechanism of initial events in colorectal carcinogenesis.
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